No Comments Yet 
Introduction
Correctly perceiving the size of objects is essential to successfully interact with the world around us. Due to the fact that we sense the 3D visual world through an analysis of 2D retinal images, the process of size perception is intrinsically ambiguous. As a result, the perception of an object's size arises from the integration of multiple sources of visual information including the size of its retinal image, its perceived distance 1 , and its size relative to other objects in the visual scene 2, 3 . These constructive processes are revealed through a number of classic size illusions such as the Ebbinghaus Illusion 4 ( Figure 1A ), the Delboeuf Illusion 5, 6 ( Figure 1B ), the Müller-Lyer Illusion 7 ( Figure 1C ) and several others that illustrate how mechanisms that underlie size constancy sometimes lead to illusory ercepts resulting from a discrepancy between retinal and perceived size. In each of these illusions, the perceived size of an explicitly defined object is influenced by the context in which it is presented. Most relevant to the current paper are the Delboeuf and Ebbinghaus illusions that demonstrate that the size of an inner circle is overestimated or underestimated depending on the surrounding context in which it is presented. Though several explanations have been proposed for these illusions, recent research demonstrates that the effect is largely determined by the relative size of the inducer(s), their distance from the target 2 , and in the case of the Ebbinghaus Illusion, the completeness of the surrounding array of elements 8 . Taken together, the balance of these factors determines the magnitude of the illusion and whether the inner circle is overestimated or underestimated.
Here we address the question of how we perceive the size of an implicitly defined object-an array of elements-by introducing a novel variant of the Ebbinghaus illusion that we have named the Binding Ring Illusion. We describe the illusion and investigate the underlying mechanisms that lead to misperceived size. A basic stimulus that elicits perception of the Binding Ring Illusion is composed of a circular array of small circles onto which a larger circle is superimposed as shown in Figure 2A . The superimposed circle leads to an underestimation of the perceived radius of the circular array relative to an equally sized array without the binding ring ( Figure 2B ). To our knowledge, previous research on the Ebbinghaus Illusion has focused on the effect the surrounding elements have on the explicitly defined circle. Here we consider the possibility of mutual influence in that the inner circle may also lead to misperceived size of the surrounding array. In the following experiments, we investigate the magnitude of this illusory decrease in size and attempt to study the components of the stimulus that are responsible for the observed effect.
In experiment 1, we demonstrate that the effect of the binding ring can be quantified. In experiment 2 we demonstrate that the illusion arises due to assimilation toward the binding ring 9, 10 . In experiment 3, we investigated the effect of spatial frequency. Finally, in experiments 
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General methods Participants
Five observers (3 men, 2 women; age range: 18-25; mean age = 20.2) participated in experiment 1, ten observers participated in experiment 2 (4 men, 6 women; age range: 19-28; mean age = 22.4), twelve observers participated in experiment 3 (6 men, 6 women; age range: 18-27; M = 21.75) and five observers participated in experiment 4 (3 men, 2 women; age range: 18-25; M = 20.6). All participants were naïve to the aims of the experiments, reported normal or corrected-to-normal vision and received course credit for their participation. Prior to participating, each observer provided informed consent according to the guidelines of the Department of Psychology and the IRB of the University of Nevada, Reno.
Apparatus and display
Stimuli were presented on a Dell Trinitron P991 monitor (19 inches, 1024 × 768) with an 85 Hz refresh rate. The stimulus computer was a 2.4 GHz Mac Mini with an NVIDIA GeForce 320M graphics processor (256MB of DDR3 SDRAM). Stimuli were created and presented with the Psychophysics Toolbox 11 for MATLAB (Mathworks Inc., Natick, MA). In experiments 1, 2 and 4, the stimuli were white (120 cd/m 2 ) presented on a black (0.06 cd/m 2 ) background. In experiment 3, the stimuli were either low-or highpass filtered and presented on a grey background (20.5 cd/m 2 ). Luminance values were measured with a Photo Research PR655 spectroradiometer. Participants placed their head on a chin rest and viewed the stimuli binocularly from a distance of 57cm.
Experiment 1
The goal of experiment 1 was to establish a 'standard' configuration and quantify the magnitude of the illusion in order to serve as a baseline for further testing. Specifically, we sought to measure the perceived reduction in size of an array superimposed with a binding ring compared to an unbound array of equal size.
Stimuli and procedures
The basic paradigm is illustrated in Figure 3 . On a given trial, participants were presented with a small central fixation point (0.35°) for 500ms, followed by the additional simultaneous presentation of two circular arrays (a reference and a test) for 500ms at which point the stimuli were removed from the screen and replaced by a random noise mask displayed for 500ms to discourage afterimages. Participants indicated by pressing one of two buttons (twoalternative forced choice), which of the two stimuli had appeared larger. Each array consisted of 12 small equally spaced circles with radii of 0.05° visual angle. On every trial, the reference array had a fixed radius of 3° visual angle (from the center of the array to the center of any circular element). Using the method of constant stimuli 12 , we investigated the perceived size of each of two test arrays compared to the reference array. The test array either had a binding ring superimposed or did not (the lack of a binding ring served as a control condition). In non-control conditions the binding ring had a radius selected to match the radius of the test circular array that was measured from the center of the array to the center of one of the smaller component circles. Because the control array did not have a superimposed binding ring it was identical to the reference array in all ways except its trial-by-trial size. As such, it was used to determine A) how accurately observers were able to perform the task (discriminate the sizes of the arrays) and B) to serve as a point of comparison for determining the size of the illusory effect. On each trial, the radius of the test array was selected from the following list: 2.5°, 2.6°, 2.8°, 2.9°, 3.0°, 3.1°, 3.3°, 3.4° and 3.5°.
On each trial, the centers of the two arrays were randomly positioned within a circular radius of 1.16° of visual angle centered 6.75° along the horizontal axis to the left or right of the central fixation point. This positional-jitter was used to prevent observers from basing their judgments on horizontal matching or distance comparisons with the edges of the monitor. Participants were instructed to maintain fixation on the center of the screen throughout the experiment. The sides on which the two arrays were presented were randomly determined on each trial. In total there were 18 trial types: nine test radii for both the test and control array types. Trials were pseudorandomly ordered such that 20 of each trial type were presented in random order for a total of 360 trials. Prior to the experiment, participants were trained on 20 trials of the largest and smallest test array sizes that were not included in the analyses.
Results
For each array size, we computed the percentage of times the test or control array was perceived to be larger than the reference. Thus, for the test (bound) and control (unbound) arrays, nine values (one for each radius) were calculated. Because the 2AFC task has two categorical responses, the following sigmoidal-shaped binomiallogit function was then fit to the corresponding data for each of the two test arrays using the MATLAB (glmfit() command) 
×
The points of subjective equality (PSE) were determined for each subject by interpolating the 50% chance level from the function fit to the data (x = −b 1 / b 2 ). The PSE indicates the size the test array needs to be in order to be perceived as equal in size to the reference. The resulting curves plotted for the mean responses across participants are shown in Figure 4 . The clear and steep-sloped sigmoidal shaped psychometric curve derived from the control condition in which neither the reference nor control array have a binding ring confirm that participants were able to perform the task and accurately report their perceptions. Specifically, participants were at chance performance when the two arrays were indeed the same size. The rightward shift of the other psychometric curve, derived from the test (binding ring) condition, demonstrates that the size of the array was underestimated when the binding ring was present. The inset of Figure 4 illustrates the mean points of subjective equality across subjects for the test and control arrays.
A paired t-test between the PSEs of the test and control arrays revealed that the addition of the binding ring significantly (t(4) = 7.71, p < 0.01) reduced the perceived size of the test array. The mean difference of the PSEs between the test and control arrays was ~0.18° A fixation point appeared for 500ms followed by the presentation of the reference and test array for 500ms at which point the stimuli were removed from the screen and replaced by a noise mask for another 500ms to prevent the formation of afterimages. The screen then remained blank until participants indicated which array appeared larger via a key press. Psychometric curves indicate the mean fit of the data averaged across all participants. The inset of the figure illustrates the mean points of subjective equality (PSEs) for the test and reference stimuli. The black curve indicates that participants were accurately judging the radius of an unbound array. The grey curve shows that the array radius must increase by ~0.18° to be perceived as being the same size as an unbound array. Thick curves with error bars indicate the mean response across participants for each array radius. Thin curves indicate the function fitted to the data. Error bars represent standard error of the mean PSE computed across subject. 
Experiment 2
Having quantified the magnitude of the illusion in experiment 1, we explored possible mechanisms contributing to the underestimation of perceived size. Size illusions such as the Delboeuf and Ebbinghaus illusions have been explained on the basis of size assimilation (when the size of the element of interest is biased toward the reference component) and contrast (when the size of the element of interest is biased away from the reference component) 9,10,16,17 . Because the size of an array is not explicitly defined, it remains unclear whether the illusion arises due to assimilation or contrast with the binding ring. In order to determine if the illusion is mediated by assimilation or contrast we investigated the effect of changing the size of the binding ring (bottom of Figure 5 ). If assimilation is responsible for the effect, we would predict that the magnitude of the illusion should increase as the binding ring gets smaller. Alternatively, if the illusion arises due to contrast, the magnitude of the illusion should increase as the binding ring gets larger.
Stimuli and procedures
The basic stimuli were the same as those used in experiment 1; however, due to the larger number of configurations tested, we used staircase procedures 18 rather than the method of constant stimuli. The individual trials within the staircases again consisted of a reference and test array simultaneously presented for 500ms. As in the previous experiment, the reference array had a fixed radius of 3°; however, unlike the previous experiment, the reference contained a binding ring and the test array did not. This was done so as to be able to compare the magnitude of the illusion for a fixed size array across binding-ring sizes. Separate staircases were run for five distinct reference conditions defined by the size of the binding ring with radii chosen from the following list: 2°, 2.67°, 3°, 3.33° and 4° (see Figure 5 ). Because the radius of each circular element was 0.5°, the binding ring did not physically overlap with the circular array in two of the five conditions and was either entirely inside (2°) or outside (4°) the array. Four staircases were run for each trial type-two in which the initial test or control array was larger than the reference array (descending) and two in which it was initially smaller (ascending). The starting radius for the test or control array was randomly selected to be 0.5° to 1° larger or smaller than the radius of the reference array. On each trial, participants completed a 2AFC task indicating which stimulus had appeared larger. According to standard staircase procedures, the size of the test array was adjusted by a step size ranging randomly on each iteration from 2 to 5 pixels (0.07° to 0.18°) in the direction opposite of the participant's response. The staircase finished when four reversals were recorded. In total, each participant completed 20 staircases presented in pseudorandom order. 
Results
The mean of the four reversal points was calculated for each staircase and the PSE for each reference condition was obtained by averaging these results across the corresponding four staircases. Although we used a different experimental paradigm than in experiment 1, the size of the measured effect when the binding ring had a radius of 3.0° (same as in experiment 1) is comparable to that observed in experiment 1 (0.16° vs. 0.18°). The results illustrated on the top of Figure 5 indicate:
A) The size of the binding ring had a significant influence on the perceived size of the array (main effect of binding ring size-repeated measures ANOVA: F(4, 36) = 31.22, p < 0.001).
B) In each of the five conditions, the perceived size of the array was significantly influenced by the presence of the binding ring (one sample two-tailed, t-tests vs. zero: all p < 0.05 uncorrected).
C) The binding ring array was perceived as being smaller than an array without a binding ring in each of the four conditions in which the radius of the binding ring was less than the radius of the exterior portion of the array. D) In the condition where the binding ring completely encompassed the array, the perceived size of the array was larger than when no binding ring was present. This is the reverse effect of the other four conditions.
E) The magnitude of the effect is greatest when the binding ring is superimposed on the array. A follow-up planned comparison of the three overlapping conditions with the two non-overlapping conditions revealed that the magnitude of the effect is significantly larger when the binding ring intersects the array compared to when it does not intersect the array (F(1, 9) = 50.87, p < 0.001).
F) A second repeated measures ANOVA examining just the three superimposed conditions revealed that the size of the binding ring (within this range) significantly influences the magnitude of the illusion (F(2, 18) = 3.84, p < 0.05). As can be seen in Figure 5 , the magnitude of the illusion increases as the size of the binding ring is reduced for the three superimposed conditions. However, once the binding ring becomes too small, such that it no longer overlaps the array, the magnitude of the illusion is greatly decreased. That said, even in this innermost binding ring condition, the perceived size of the array is underestimated. It is noteworthy that this particular stimulus condition is quite similar to that typically used in the Ebbinghaus Illusion (see right side of Figure 1A ). Here we demonstrate that there are in fact two illusory effects revealed in the Ebbinghaus Illusion, one operating on the inner circle (making it appear larger) and one operating on the outer array (making it appear smaller). Taken together, these observed effects are consistent with the assimilation hypothesis and inconsistent with the contrast hypothesis. Furthermore, these results appear to indicate that the outer edge of the circular array is serving as a boundary for the assimilation. When the radius of the binding ring exceeds this boundary, the assimilation bias is to increase the perceived size of the array. Similarly, if the radius of the binding ring is within this boundary, the assimilation bias is to decrease the perceived size of the array. 
Experiment 3
In this and the following experiment, we attempt to identify specific stimulus factors that may influence the Binding Ring Illusion. It is suggested that some visual illusions, including the Müller-Lyer 19 and Oppel-Kundt 20,21 or filled area illusion 22 , are mediated by differential processing of low-and high-spatial frequency information [23] [24] [25] [26] [27] . Specifically, differential effects can be obtained resulting in changes to the magnitude of the illusions depending on spatial frequency filtering. Here, we investigated the effect of spatial frequency filtering on the magnitude of the Binding Ring Illusion ( Figure 6A ).
Stimuli and procedures
The stimuli and procedures used in experiment 3 were analogous to those used in experiment 1 except that the stimuli were either high-or low-pass filtered. The high-pass cutoff was set at (2 cpd) and the low-pass cutoff was (0.5 cpd). Stimuli were presented on a gray (20.5 cd/m 2 ) background. In each case, similarly filtered stimuli were compared to each other (i.e. a high spatial frequency (HSF) reference was compared to a HSF test or control). In total there were 36 trial types: nine test radii (same as in experiment 1) for the test and control array types (with and without binding ring) in both HSF and low spatial frequency (LSF) conditions. Trials were pseudorandomly ordered so that 20 of each trial type were presented for a total of 720 trials.
Results
After fitting the curves using the same procedures described above, we conducted a 2 (binding ring vs. control) × 2 (HSF vs. LSF) repeated measures ANOVA on the derived PSE for each of the four conditions. This analysis revealed a main effect of the binding ring on perceived size (F(1, 11) = 27.05, p < 0.01), a main effect of spatial frequency on perceived size (F(1, 11) = 12.30, p < 0.01) and a significant interaction between the binding ring and spatial frequency (F(1, 11) = 5.57, p < 0.05). As can be seen in Figure 6B , for both low-and high-pass stimuli, the array containing the binding ring was perceived to be smaller than when no binding ring is present. As reflected in the significant interaction, this effect is greater when the stimuli are low-as compared to high-pass filtered. Although the illusion was observed in both the LSF and HSF configurations, the size of the effect observed for the LSF condition (~0.3°) is substantially larger than that observed in the previous experiments that range from 0.16° to 0.18°. In contrast, when the stimuli were high-pass filtered, the resultant ~0.2° reduction in perceived size is comparable to that observed in the previous experiments. samples t-test between the PSEs of the test and control arrays revealed no significant difference in perceived size (t(4) = 2.05, ns).
Results 4b
The data shown in Figure 7D were analyzed using the same curve fitting method described in the previous experiments. A paired t-test between the PSEs of the test and control arrays again revealed no significant difference in perceived size (t(4) = 1.93, ns).
The Binding Ring Illusion was not observed in either of the partial binding ring configurations tested here. As such, we can conclude that processing of the preserved local features does not underlie the illusion. Alternatively, these results suggest that mechanisms within a higher, more global stage of processing may underlie the illusion. 
General discussion
In this manuscript we introduced a new size illusion that we call the Binding Ring Illusion. The Binding Ring Illusion is a variant of the Delboeuf and Ebbinghaus Illusions and demonstrates that
Experiment 4a
Lastly we investigated the role of the local configural features of the stimulus. A number of visual illusions can be attributed to the processes of local configural features 3, 8, 28 . In these two closely related experiments, we investigated the impact of presenting only parts of the binding ring on the presence or magnitude of the Binding Ring Illusion. In doing so we address the question of whether the Binding Ring Illusion is mediated by the processing of specific local features, or perhaps on the basis of more global representations of the objects present in the image.
In the first part of this experiment, the binding ring only connected the array of elements so that it was not visible in the interiors ( Figure 7A ). In the second part of the experiment, the binding ring was present solely within the interiors of the array elements ( Figure 7B ) leaving them unconnected from each other.
Stimuli and procedures
The stimuli and procedures used in experiments 4a and 4b were identical to those used in experiment 1 except that in the test condition, the binding ring only connected the array of elements as if viewing a chain of pearls (experiment 4a) or the binding ring was only visible in the interiors of the array elements (experiment 4b).
Results 4a
The data shown in Figure 7C were analyzed using the same curve fitting method described in the results of experiment 1. A paired 
B)
the perceived size of an array is subject to effects of assimilation. Specifically, the perceived size of a circular array of elements is underestimated when a 'binding ring' is superimposed on the array. The purpose of the above experiments was to demonstrate that the illusion can be quantified, to investigate possible explanations for its occurrence and to begin to characterize the stimulus factors that lead to misperceived size.
A number of observations can be made based on the results of these experiments. Firstly, the Binding Ring Illusion can indeed be quantified. Using both methods of constant stimuli and adaptive staircases we were able to measure significant differences in the perceived size of an array as a function of the presence and size of a binding ring. Secondly, the size of the binding ring significantly influences the magnitude of the illusion (experiment 2). Specifically, in order to produce the greatest effect, the binding ring has to superimpose the array and furthermore, as the size of the superimposed ring decreases, the magnitude of the illusion increases. These findings are consistent with existing assimilation theories of similar size illusions such as the Delboeuf and Ebbinghaus illusions 9, 10, 15, 17 . In addition, the perceived size of the array was slightly increased only when the binding ring was large enough to completely encompass the array. This suggests that the outer radius of the array serves as the reference point for the assimilation process. It has been argued that assimilation is largely influenced by the perceived unification of the components as a single object 17, 29 . This is consistent with our results such that the strongest assimilation effects occurred when the circle was superimposed on the array and could be easily perceived as a unified figure. In these conditions we observe a significantly larger magnitude of size illusion than when the binding ring was not superimposed on the array.
The Delboeuf and Ebbinghaus Illusions both demonstrate that the perceived size of an interior object can be influenced by the presence of a surrounding stimulus. The Binding Ring Illusion, on the other hand, provides a complimentary observation that the perceived size of a surrounding stimulus can be influenced by the presence of an interior stimulus. Indeed, the smallest binding ring condition in experiment 2 is an identical configuration to that commonly used to demonstrate the Ebbinghaus illusion.
Secondly, the magnitude of the illusion is greater when the stimuli are low-compared to high-pass filtered (experiment 3). However, in both cases the magnitude of the illusion is comparable if not greater than that observed with full spectrum stimuli. As such, we can conclude that: either processes within distinct spatial frequency channels can independently lead to the illusion, or the illusion is mediated by mechanisms at a later stage of processing that follows the integration of high-and low-spatial frequencies. In the latter case, one may conjecture that the initial LSF bias is attenuated once spatial frequency information has been integrated in object recognition areas such as those located in the inferotemporal cortex (IT) 30 . This stands in contrast to several recent findings using functional and structural MRI that have implicated visual areas as early as V1 as playing a key role in the representation of perceived size [31] [32] [33] . Given the classical receptive field properties of V1 neurons, it is likely that these observations arise due to feedback to V1 from higher visual areas, that in the case of the Binding Ring Illusion may contain integrated representations of spatial frequency. This is in line with recent research on the Müller-Lyer Illusion using dynamic causal modelling 34 . It was demonstrated that illusion strength could be predicted by modulating bilateral connections between the lateral occipital cortex (LOC) and right superior parietal cortex (SPC). The model suggests that LOC is involved in size scaling to generate size invariant object representations that are further processed in SPC and relayed back to V1 to generate conscious illusory percepts.
One hypothesis for why the illusion is greater in the LSF condition is that due to blur, the individual array elements in the LSF condition are perceptually larger than the HSF and full-spectrum conditions. Because the elements appear larger, the perceived distance between the outer radius of the array and the binding ring is increased. The results of experiment 2 suggest that this may lead to an increased assimilation effect. Alternatively, the blurring of the image increases the thickness of the binding ring and it could be the case that this increases its effect on the perceived size of the array. Further research will be necessary to fully determine why the blurred stimulus increased the magnitude of the illusion.
Thirdly, the illusion does not manifest when only the local configural features of the binding ring are present. This was true even when the binding ring only connects the array elements (experiment 4a). This result is intriguing because past work has demonstrated that elements that are perceptually grouped into a common object will be perceived to be closer together than those that are not. Specifically, if a series of dots are arranged to form a dotted contour, the distance between any two adjacent dots will be perceived as being shorter than the distance between any one of them and another equally-distanced dot that does not lie along the contour 35 . One possible extension of this observation is that an object formed out of the grouping of individual elements may appear smaller on the basis of the elements appearing closer together. Based on this assumption we thought it possible that the partial binding ring of experiment 4a may serve as an additional cue that the individual elements belong to a common object and therefore lead to it appearing smaller. The configuration of experiment 4a explicitly links the elements of the array; however, this does not lead to the illusory reduction in perceived size. This may be explained by the observed effects of the Oppel-Kundt Illusion 20,21 that demonstrates that the distance between two points is overestimated when it is filled with a number of tick marks compared to two equally spaced points of an undivided extent; however, as the density of these divisions increases, the effect diminishes 36 . Therefore, connecting the interior elements should lead to a more veridical perception as observed here. As such, it is unlikely that the Binding Ring Illusion arises due to a misperception of the perceived distance between array elements.
Conclusion
Although we readily perceive a circular array of elements as a circle, there are many possible alternate perceptions that could be formed. For example, the circles could be grouped into pairs symmetrical about the vertical axis, or perceived as ellipses arranged in an elliptical array that is receding in depth. That we perceive such a stimulus as a circle reflects the constructive processes that are embodied in the functional and structural architecture of the visual system. Importantly, the circle that we perceive does not explicitly exist in the retinal image and must therefore be constructed. As such, the size of the circle that we perceive must be itself constructed as well. The Binding Ring Illusion demonstrates that this constructive process includes the assimilation of other co-occurring stimuli, particularly those that spatially overlap the array.
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